Abstract: Increased concentration at the retail, food processing and farm input manufacturing levels has brought increased attention to patterns in retail-to-farm price spreads. Most studies documenting asymmetric price transmission focus on non-linear error correction processes, as opposed to the current study which analyzes potential non-linearities in the long-run relationship between the farm and retail prices. The null hypothesis of non-linearity in the long-run relationship between farm and retail prices in the U.S. hog/pork supply chain is rejected in favor of a Smooth Transition Cointegration (STC) framework. The STC framework predicts downward price stickiness in retail prices. The predicted residuals of the non-linear model are used to investigate whether it is possible to disentangle non-linearity in the long-run price relationship from non-linearity in the adjustment towards the long-run equilibrium. The results underline the importance of testing for linearity in the long-run price relationship before modeling non-linearity in short-run dynamics.
Introduction
There exists a widespread belief in the farm sector that price transmission in agri-food supply chains is asymmetric. Increases in farm prices are believed to be matched faster at the retail level whereas negative shocks at the farm level take more time to be passed on to consumers. These concerns have recently been validated to some extent in the literature (see for example Azzam, 1999; Abdulai, 2002; Serra and Goodwin, 2003) . Important shocks to agri-food supply chains (e.g., the 2003 Canadian mad cow incident or the 1998
North American hog crisis) usually amplify the perceived problems associated with price transmission. Concentration in downstream markets and input manufacturing industries are often pointed out (perhaps wrongly) to explain why in certain instances, decreases in upstream prices are not accompanied by proportional decreases in downstream prices.
There are however other possible explanations for Asymmetric Price Transmission (APT) such as inventory management, menu costs of changing prices, and other adjustment costs (Meyer and von Cramon-Taubadel, 2004 ).
The purpose of the paper is to propose a procedure to investigate potential asymmetries in price transmission. It focuses on the relationship between farm and retail prices in the U.S. hog/pork industry. U.S. hog production has considerably evolved since the early 1980s as vertically coordinated operations replaced small and independently owned farm which used to sell their output to unspecialized packing/processing plants (Haley 2004) . The increased reliance on contractual arrangements between producers and packers combined with increasing concentration in packing activities (MacDonald and Ollinger, 2000) led to concerns that market conditions are more conducive to the exercise of market power by retailers and processors. Frey and Manera (2007) provide an extensive review of price transmission and define the concept of APT from an empirical perspective as measuring whether output prices respond symmetrically to variations in input prices. APT in magnitude generally refers to the response in the output price made conditional on the direction of the change in the input price. APT in speed refers to the pace of the response in the output price made conditional on the direction of the change in the input price.
There exists a growing literature on the issue of price transmission in agri-food supply chains. The common feature in most of the empirical studies is that asymmetry is related to the speed of transmission. Price shocks in upstream and downstream markets eventually error correct and prices eventually drift back to a stable long-run equilibrium.
However, a positive shock will entail a different adjustment path towards the equilibrium than a negative one under APT in speed. For example, Goodwin and Holt (1999) and Serra and Goodwin (2003) used threshold cointegration techniques to study price transmission in the U.S. beef and Spanish dairy industries respectively. They found that farm and retail prices are tied by a linear long-run relationship and that the adjustment path towards the equilibrium is asymmetric. Chavas and Mehta (2004) investigated asymmetric short-run price dynamics for dairy products in a linear cointegration model.
There have been however some attempts to capture potential asymmetries in the magnitude of price transmission. Miller and Hayenga (2001) investigated price transmission in the frequency domain by dividing their sample into low and high frequency price cycles. In a second stage, the authors uncovered asymmetric price transmission in the time domain. They did not address however the stochastic properties of the data and the possibility prices were cointegrated. Lass (2005) used linear methods applied to non-linear transformations of integrated variables. While conventional inference rejected the null hypothesis of symmetric price transmission in speed and magnitude, it is not known if his statistical results are robust when the appropriate limiting distribution theory is applied (Park and Phillips, 2001 ).
The objective of the paper is to provide a first investigation of price transmission focusing on potential non-linearities in both the long-and short-run price relationships.
The presence of non-linearity is a necessary condition for the existence of APT, but is not sufficient as will be illustrated in the next section. In the context of cointegration, a nonlinear long-run relationship between prices can lead to APT in magnitude, while APT in speed can be captured by a non-linear adjustment process towards the long-run equilibrium. We thus propose a framework to separate out non-linearity in the long-run relationship from non-linearity in the adjustment path towards the long-run equilibrium.
A cursory review of asymmetric price transmission
Most of the early empirical specifications to uncover asymmetry in price transmission relied on some form of non-linearity in the variables of the model. For example, Houck (1977) proposed to decompose transmission between the farm and retail prices in period t (respectively denoted by t f and t p ) by: Ward (1982) proposed to estimate the following equation: The literature quickly evolved toward modelling the stochastic properties of the data.
Because price series are often found to be non-stationary (Wang and Tomek, 2007) , firstdifferencing the data in (1) and (2) was technically correct. However, first-differencing the series can remove information about the common trend observed by prices if they are cointegrated. The framework in (2) can be re-cast in terms of an error correction framework with a long-run equilibrium: = . Meyer and von Cramon-Taubadel (2004) note that the cointegration framework in (3) can only be used to investigate asymmetry in the speed of adjustment because APT in magnitude implies different long-run responses between negative and positive episodes of price shocks, and thus is inconsistent with prices that are linearly cointegrated.
This last observation is precisely the point that the current paper investigates. As detailed in the introduction, most of the empirical applications investigate a "speed-ofadjustment" type of asymmetry. It is however not difficult to construct an example in which one should not expect prices to be linearly cointegrated. Consider the following stylized model of price transmission. Food retailers produce a ready-to-consume commodity using a farm product and other inputs whose prices are exogenous to the industry. Assume that the country is small and can import the farm product at a constant world price. To simplify the nature of competition in the retail industry, it is assumed that while food retailers can shop the globe for primary product supplies, consumers only travel to a few local grocery stores to purchase food. Hence, we will assume that domestic consumers are totally captive and cannot have products shipped in from other regions. This allows for some control over prices by food retailers. Denote the marginal cost function of retailers by: (7) with standard OLS and test the null hypothesis of a unit root in the residuals (no-cointegration). If the null hypothesis is rejected, we can conclude that prices are tied by a log-linear relationship and that adjustment towards this equilibrium is symmetric in the sense that positive deviations will drift back to the equilibrium at the same speed as negative deviations.
The model of asymmetric price transmission in (3) and (4) can also be analyzed in the context of the simple stylized model in (7) by assuming that the adjustment path towards the equilibrium can be represented by: The empirical application focuses on the U.S. hog/pork supply chain. The first step in the overall estimation strategy will be to test the null hypothesis of a (log-)linear relationship between the farm and retail prices using Choi and Saikkonen (2004) 's testing procedure. The rejection of the null hypothesis leads to the Smooth Transition
Cointegration (STC) model of Saikkonen and Choi (2004) to estimate the long-run relationship between farm and retail prices. Under the STC framework, the relationship is assumed to change smoothly according to some transition mechanism which is function of prices (e.g. a logistic function).
One drawback of the method is that the limit distribution theory of the parameters is derived under the assumption that the error terms form a stationary process (i.e., under the hypothesis of cointegration). It would thus be useful to test for cointegration before carrying inference about the parameters; but the distributional theory of such a test has yet to be fully developed. 2 The cointegration framework is however consistent with many forms of short-run dynamics. The auto-regressive process of the residuals reveals information about the speed at which variables return to their long-run equilibrium. Hence, numerous authors focus on the behaviour of the residuals to detect asymmetry in the speed 2 Choi and Saikkonen (2007) suggest a procedure similar to the Kwiatkowski, Phillips, Schmidt and Shin (KPPS, 1992)'s stationarity test to investigate whether the variables are cointegrated under the smooth transition cointegration framework. Breitung (2001) proposes rank tests for non-linear cointegration but the underlying assumptions of the procedure significantly reduce the power of these tests in the current framework.
of price transmission. 3 A two-step procedure, in the spirit of Balke and Fomby (1997) 's threshold cointegration model, is used to investigate cointegration and non-linear adjustment towards equilibrium. First, standard unit root tests can investigate the probability of rejecting the null hypothesis of a unit root against the alternative hypothesis of stationarity. In a second step, different testing procedures (developed by Luukkonen, Saikkonen and Teräsvirta, 1988; Tsay, 1989; and Hansen, 1999) are used to investigate different types of non-linearities to uncover potential APT in speed. Figure 1 illustrates the sequence of the procedure to attempt sorting out asymmetry in speed and magnitude. The first step involves testing non-linearity in the relationship between prices. If the null hypothesis of linearity is rejected, the STC cointegration model can be estimated; and the predicted residuals are used to implement the two-step methodology described above. The left hand-side matrix at the bottom of Figure 1 illustrates the starting point of most studies dealing with asymmetric price transmission It is found that the long-run relationship between the U.S. hog and pork prices is non-linear. A unit root bootstrap procedure (Parker et al., 2006) applied to the residuals of the non-linear cointegrating vector suggests that the series is stationary. The null hypothesis that the residuals follow a linear process against various alternatives of nonlinearity is not rejected. The same two-step procedure was applied to the residuals generated by a linear cointegrating vector estimated by Ordinary Least Squares (OLS). The evidence is less conclusive in this case as one of the tests rejects the null of linearity in favour of smooth transition autoregressive behaviour.
The above finding raises the possibility that the failure to account for non-linearity in the cointegrating vector may have an impact on the probability of detecting non-linearity in the adjustment towards equilibrium. A short Monte Carlo investigation is proposed to investigate the properties of the two-step procedure under non-linear cointegration Our results emphasize the importance of first investigating potential nonlinearity in the long-run relationship between the variables when studying price transmission.
Data
Monthly data on the hog (farm) price and the pork ( Before estimating the relationship between retail and farm prices, the stochastic properties of the data needs to be assessed. The unit root bootstrap procedure of Parker, Paparoditis and Politis (2006) was also used to investigate if the series are integrated of order one. They propose a residual-based bootstrap procedure that has overwhelmingly better power in small samples than the usual asymptotic tests which tend to under reject the null hypothesis of a unit root (Maddala and Kim, 1998) . While the present dataset in this study is not small compared to other well-known applications in price transmission (e.g., Abdulai, 2002; Serra and Goodwin, 2003) , the procedure nevertheless offers significant improvements over asymptotic theory because it does not rely on a specific data generating process.
The stationary bootstrap procedure is quite simple. Consider a time series X t ( )
and define the centered (Horowitz, 2001 ) residuals . Table 1 reports the p-values of the null hypothesis of a unit root.
The evidence suggests that the null hypothesis of a unit root cannot be rejected. Granger (1980) showed that a sum of AR (1) and thus the data is said to be non-stationary. Despite that non-stationarity does not imply integration of order one, the overall evidence suggests with some confidence that the variables in the model can be considered I(1) processes.
Non-linear cointegration
The next step in the empirical investigation is to estimate the relationship between the farm and retail prices. As mentioned before, most studies attempt to detect a non-linearity in the adjustment path towards the long-run equilibrium. As it is well known, two integrated series are said to be cointegrated if there exists a stable attractor between the series such that they drift to a long-run equilibrium (Engle and Granger, 1987) . Residual-based tests of cointegration involve estimating a linear cointegrating vector and then using the estimated residuals to test for cointegration. Under the null hypothesis of no-cointegration, the residuals follow a random walk and unit root tests can be applied although the distribution of the test statistic must be adapted accordingly. In case a non-linear adjustment path toward equilibrium is suspected, Balke and Fomby (1997) suggest testing for threshold cointegration in a roundabout way; by first testing the null hypothesis of (linear) nocointegration, and second testing for non-linearity in the residuals of the cointegrating vector.
4
The present approach is based on the Smooth Transition Cointegration (STC) framework of Saikkonen and Choi (2004 the transition function with a Taylor approximation. In the current context, the testing procedure involves estimating the following auxiliary regression using OLS: f . The statistic follows a chi-squared distribution with one degree of freedom. Choi and Saikkonen (2004) note that the previous test can have low power to detect non-linearity if δ is small. Hence, they devised another test using a third degree Taylor approximation that yields the auxiliary regression: Given that the null hypothesis of linearity is rejected, the estimation of the model in (9) is carried out in two stages. First, the Non-Linear Least Squares (NLLS) estimates of the model defined in (9) and (10) are computed. While these estimates are consistent, they are inefficient for the same reasons that generally apply to a linear cointegration model. As noted before, the error term of the cointegration equation in (9) might be correlated with the regressor ( ) t f and thus K lags and leads of the independent variable are used to purge the potential correlation 
( )
where û is the vector of predicted residuals from the first stage NLLS procedure,
;ˆˆ1 ; ; Saikkonen and Choi (2004) argue that the number of leads and lags in (14) has very little effect on the size of the testing procedure as long as the number of leads and lags are selected to increase at an appropriate rate with the sample size. Chang and Park (2003) suggest another possibility which is to use auxiliary regressions to purge correlation between the error terms and regressors in a preliminary step before using NLLS in a second stage. efficiency) of a second iteration involving the second-stage GN estimator as the starting point estimates in (15). They found that this second iteration achieves a significantly lower root mean-squared error than the two-stage GN and NLLS estimators; thus suggesting that an additional iteration of the second-stage procedure defined in (15) might be desirable.
The results reported below follow this approach. The first-stage NLLS estimates at the start of the iteration process are not reported below but their standard errors were quite large; implying that there was a strong correlation between the error terms of the cointegration equation and the farm price. In what follows, a value of one was selected for the parameter K and unreported results suggest that increasing the value of this parameter did not improve the accuracy of the estimation procedure.
The general model in (14) was first estimated without any restrictions on the parameter space because it is difficult to pinpoint a specific functional form for the markup model implied by (6). The estimate of the smoothness parameter in the transition function was excessively large (276.03) with an even larger standard error. The problem is that the model converges to a threshold model as the parameter γ increases, and thus one needs many observations in the neighbourhood of c to get a precise estimate of γ (van Dijk, et al. 2002; Saikkonen and Choi, 2004) . While this does not constitute ground in itself to reject the model, the model was re-estimated imposing the restriction that the constant term was not switching according the level of the farm price ( ) 0 η = . This restriction significantly improved the precision in the estimates of the other parameters. Table 3 presents the (iterated) GN estimates of the cointegration model along with their standard errors. Conventional inference is difficult to carry because the null hypothesis that the parameters γ , c and/or δ are zero involves nuisance parameters. The distribution of the linear parameters is however asymptotically normal . The standard error of α implies that the constant is statistically significant and estimated with precision. The slope parameter ( ) β is also positive with a very small standard error.
To provide a little more intuition on the significance of the STC model, Figure A number of theories could explain downward price stickiness. One is that when input prices fall, the previous output price offers a natural focal point for oligopolistic sellers. In response to a decrease in costs, a downstream firm might choose not to change its price until demand conditions evolve. This variant of the "trigger price" model of Green and Porter (1984) is discussed in Borenstein, Cameron and Gilbert (1997) . Under this framework, increases in farm prices trigger retail price increases; while conversely, it is possible to have retail price inertia following negative farm price shocks. It must be stated however that evidence of downward price stickiness must not be interpreted as evidence of imperfectly competitive behaviour because adjustment costs in a perfectly competitive supply chain can also yield this sort of price relationship. However, in light of increased concentration in pork packing activities, the results suggest that further research should investigate potential causes of downward retail price stickiness.
Non-Linear adjustment towards equilibrium
The discussion of the previous section hinges on the notion that the two variables are indeed cointegrated. This section investigates the properties of the residuals of the cointegrating regression in (14). Precisely, Balke and Fomby (1997) 's two-step procedure is implemented to study the behaviour of the residuals. The first step involves testing for the presence of a unit root. In case the null hypothesis of a unit root is rejected, the nonlinearity tests of Luukkonen, Saikkonen, and Teräsvirta (1988) , Tsay (1989), and Hansen (1999) are computed under the assumption that the error terms are stationary. The right hand-side matrix at the bottom of Figure 1 illustrates the procedure.
The left hand-side column of table 4 reports the results of the stationary bootstrap procedure applied to the fitted residuals of (14). The null hypothesis of no-cointegration is clearly rejected by the data. 6 As mentioned before, the literature on price transmission (17), we can test the null hypothesis that the model in (17) is linear against the alternative that it follows a univariate threshold specification. Tsay (1989)'s idea is based on the change-point literature in which the regression in (17) is rearranged according to the ascending order of the threshold variable. If the model is linear, the predictive residual of the arranged regression model will be uncorrelated with the regressors, whereas the residuals will not be white noise if a threshold effect is present. In our application, the test statistic is distributed according to a chi-squared distribution with one degree of freedom.
Hansen ( The LST procedure suggests the residuals follow a linear process as the probability of rejecting the null hypothesis of linearity when it is true is larger than 0.1 in the second column of hypothesis of one regime in the residuals (linearity) against the alternative of two regimes at a conventional significant level. All three tests suggest that there is no asymmetry in the speed of price transmission.
The above results are somewhat in contradiction with the findings of Goodwin and Harper (2000) who report evidence of asymmetry in the speed of price transmission in the hog/pork supply chain. Notwithstanding the differences in the sample period and data coverage between the current analysis and their study, the main factor is that their test assumes a priori a linear relationship between prices in the hog/pork supply chain. It is thus interesting to investigate whether residuals generated by a linear relationship between farm and retail prices would uncover a similar type of asymmetry. Table 5 presents the same non-linearity tests applied to the fitted residuals of a linear cointegration framework estimated with standard OLS. The purpose is to investigate whether non-linearity in the adjustment process towards the cointegrating vector can be detected if the non-linearity in the magnitude of price transmission is not addressed in the first stage.
The bootstrap unit root clearly rejects the null hypothesis of a unit root in the fitted residuals; and thus suggests that farm and retail prices are indeed cointegrated. Both the Tsay and Hansen non-linearity tests produce large p-values. However, the LST procedure clearly rejects the null hypothesis of linearity in favour of smooth transition in the behaviour of the residuals. This clearly illustrates that failure to account for nonlinearity in the long-run relationship between prices may wrongly lead to the conclusion that the adjustment process towards equilibrium is non-linear.
A Monte Carlo investigation illustrates some of the pitfalls associated with testing for non-linearity in the speed of price transmission. It follows closely the investigation described in Saikkonen and Choi (2004) . First, a random walk of length equal to 300 is generated to match the length of our dataset: 
Armed with the simulated series, the regression Carlo investigation begins at the second stage of the Balke-Fomby procedure. 8 The nonlinearity tests of Hansen (1999) , Tsay (1989) and Luukkonen, Saikkonen, and Teräsvirta ( LST, 1988) are applied to the ˆL t u and ˆS TC t u series.
The overall experiment is repeated a thousand times and the number of rejections for each investigation is recorded using significance levels, 10, 5 and 1 percent for both tests. Table 6 presents the size of the two tests when the estimated cointegrating vector is:
a) estimated by a linear model; or b) estimated using the STC framework. There are striking differences between the two cases. The size of all three tests is very poor when the residuals are generated by a linear cointegrating vector (with the LST procedure recording the worst performance). Overall, there is a significant probability that the Balke-Fomby procedure uncovers non-linear adjustment towards equilibrium although the non-linearity resides in the long-run price relationship (i.e. is induced by the non-linear cointegrating vector). Conversely, the Hansen and Tsay tests severely over-reject the null hypothesis of linearity when the residuals are generated by the STC framework. The size distortions are also important when the LST procedure is implemented. Table 7 presents the power of the two tests under the assumption that the error correcting process of the non-linear cointegrating vector follows a threshold process. First, the Hansen procedure has relatively better power than the Tsay tests in that it leads to more correct rejection of the null hypothesis of linearity for the error correction terms. At a higher level of significance (10 percent), the power of these two tests is better when the 7 Because the estimation is complicated when the parameter c is far away from the median, we made sure that the value of the parameter c was included between the 10 th and 90 th percentiles of the t x series. If the value of c was outside of this range, the simulated series was thrown out and another series was generated.
residuals from the STC model are used compared to the residuals generated by a linear cointegrating vector. But overall, the power of these tests is quite disappointing. The Tsay and Hansen non-linearity tests under the STC framework have power similar to what Balke and Fomby (1997) uncovered when investigating the performance of their two-step procedure under the assumption that the variables were linearly cointegrated. The LST procedure has better power than the other tests, despite the latter being devised with threshold behaviour as the alternative hypothesis.
The main practical implication of the findings is that it is important to first test for linearity in the long-run relationship between the variables before proceeding to analyze the adjustment towards equilibrium. Unfortunately, the stochastic properties of the variables limit the options available to test the null hypothesis that the relationship between prices is linear; and some of the most powerful testing procedures often require stationary regressors (see for example Dahl, 2002) .
Conclusion
Asymmetric Price Transmission (APT) is an increasingly disputed issue in both academic and practitioners' spheres due to, among other things, concerns that concentration in upstream and downstream industries may hold back competitive pricing behaviour. A number of empirical studies confirm certain forms of asymmetry in the speed of price transmission. While prices in upstream and downstream markets converge to their longrun equilibrium at different speed depending on the extent of the market disturbances, the usual idea is that prices are tied by a linear long-run relationship. While there are a few studies documenting potential asymmetries in the magnitude of price transmission, no studies tried to extend the concept of linear cointegration between prices to a non-linear framework.
The objective of the paper is to study whether it is possible to separate out nonlinearity in the long-run farm-to-retail price relationship from non-linearity in the adjustment towards equilibrium. The smooth transition cointegration model of Saikkonen and Choi (2004) is applied to estimate the long-run relationship between farm and retail prices because these series are integrated of order one. The relationship between the two prices is assumed to change smoothly according to a logistic function. This procedure also leads to a non-linearity test using first and third-order Taylor approximations. The cointegration framework is also consistent with many forms of short-run dynamics. Hence, Balke and Fomby (1997) 's two-step procedure is used to investigate non-linear adjustment towards the equilibrium. The procedure consists of first testing the null hypothesis of a unit root, and subsequently testing the null hypothesis of linearity in the residuals generated by the cointegration model.
There is overwhelming evidence that the farm-to-retail price relationship between the U.S. hog and pork meat prices is non-linear. The unit root bootstrap procedure applied to the residuals of the non-linear cointegrating vector rejects the null hypothesis of nocointegration. The null hypothesis that the stochastic process of the residuals is linear against the alternative of threshold behaviour is also not rejected. The same two-step procedure was applied to the residuals generated by a linear cointegrating vector and estimated with standard ordinary least squares. Interestingly, the procedure clearly rejects the null hypothesis of linearity in the residuals. While the evidence suggests there is a strong non-linearity in the long-run relationship between farm and retail prices, there is less evidence in favour of asymmetry in the magnitude of price transmission because the long-run relationship approaches a standard two-regime (threshold) model.
The findings in the paper should not be interpreted as evidence of imperfect competition in the U.S. hog/pork supply chain, but should incite more research into the determinants of asymmetric price transmission. In particular, estimating structural models of price transmission allowing for inventories and adjustment costs would broaden the understanding of asymmetry in price transmission. 
